A new family of carbohydrate-based dihydroisoquinolinium salts has been prepared and tested for potential as asymmetric catalysts for the epoxidation of unfunctionalized alkene substrates, providing up to 57% ee in the product epoxides.
Introduction
The importance of non-racemic chiral epoxides lies in their versatility as building blocks for the synthesis of enantiomerically enriched compounds of value such as biologically active molecules. 1 Although there exist several catalytic procedures by which chiral epoxides can be synthesised in high enantiomeric purity, 2 the enantioselective oxidation of prochiral alkenes remains the usual synthetic route to such compounds. As a consequence of the potential of asymmetric epoxidation and the value of chiral epoxides, the process has received considerable attention over many years from a number of research groups. Despite all this activity, however, to date there is still no general method in existence for the catalytic asymmetric epoxidation of all classes of alkenes. Nonetheless, several highly effective methods are known for the epoxidation of various classes of alkenes whose corresponding epoxides are obtained in good to excellent enantioselectivities, and great advances in such procedures have been made in recent years. There are several well-known procedures for the catalytic asymmetric epoxidation of simple alkenes where the catalyst used is in the form of a metaleorganic ligand complex. Macrocyclic porphyrin ligand complexes of iron(III), 3 manganese(III) 4 and ruthenium(III) 5 are able to effect the asymmetric epoxidation of simple unfunctionalized alkenes, albeit in low to moderate yields. The salenemanganese complexes developed independently by Katsuki 6 and Jacobsen 7 offer vastly improved catalytic systems for the asymmetric epoxidation of prochiral unsaturated cis-and trisubstituted aryl alkenes, which are epoxidized with high to excellent enantioselectivities. The most well-known of these metaleligand systems is probably that reported by Sharpless in 1980 and applicable uniquely to allylic alcohol substrates, which are generally transformed into their corresponding epoxides with very high enantioselectivities indeed (typically >90%).
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Despite the high enantioselectivities and relatively low catalyst loadings required in many of the metaleligand based catalyst systems described, organocatalysts offer a desirable alternative, particularly in terms of economic and environmental considerations. Dioxirane-based catalysts remain the largest group of organic catalysts developed to date with respect to the asymmetric epoxidation of simple and unfunctionalized alkenes. In 1984 Curci reported the first asymmetric epoxidation of an alkene with a chiral ketone catalyst. 9 Since then great advances have been made over the past several years in this area of asymmetric oxidation. Such systems generally use Oxone as the stoichiometric oxidant, where the dioxirane is generated in situ from a chiral ketone in the presence of the substrate. Among the most notable chiral ketones are those reported by Yang, 10 Denmark, 11 Adam 12 and Armstrong. 13 However, the most prominent of these chiral ketone systems to date are the fructose-related ketones developed by Shi, which typically provide high ees for the catalytic asymmetric epoxidation of various substrates and different oxidants. 14 However, as a consequence of catalyst destruction due to competing BaeyereVilliger side reactions, dioxirane-mediated epoxidations usually require relatively high catalytic loadings of chiral ketone, typically ranging upwards from 20 to 30 mol %. Other sugar-derived ketones have also been used as precursors of dioxiranes for asymmetric epoxidation. 15 Oxaziridines are nitrogen analogues of dioxiranes, formed by oxidation of the corresponding imines. Like dioxiranes, some are able to transfer an atom of oxygen to an alkene substrate, although reactivity is low. Significant disadvantages of oxaziridine-mediated epoxidations are the relatively long reaction times (3e12 h at 60 C) and the usual requirement for a stoichiometric amount of reagent, 16 although we 17 and DuBois 18 have reported the catalytic use of oxaziridines. It is believed that the epoxidation process is a concerted one since retention of double bond stereochemistry is observed at the new asymmetric centre(s) created in the process. Because this process is performed under neutral conditions, it is particularly suitable for the oxidation of labile substrates. Davis has reported ees of greater than 90% for the asymmetric epoxidation of a-methylstilbene with his oxaziridine systems, and has shown that they are able to oxidise chiral sulfides to their corresponding chiral sulfoxides with ees of up to 78%. 19 Oxaziridinium salts, which were first reported by Lusinchi in 1976, 20 are the quaternized derivatives of oxaziridines. Usually prepared in situ by the action of oxone on the corresponding iminium salts, they offer advantages over oxaziridines in that they are much more reactive, and are highly effective as catalytic oxidants. 21 Furthermore, because of the positively charged oxaziridinium nitrogen atom, they are more electrophilic than their parent oxaziridines and therefore transfer oxygen to nucleophilic substrates more readily. Unlike some dioxirane-based systems, these catalysts are not prone to BaeyereVilliger decomposition during epoxidation reactions, but they can suffer from degradation, for example, by aromatisation. Such problems have been effectively circumvented by Boh e by the use of iminium salts with dialkyl-substituted heterocyclic rings. 22 Exocyclic chiral iminium salts have been used in asymmetric epoxidation processes but enantioselectivities observed have been moderate. 23 Amines have also been used in epoxidation processes by us 24 and others. 25 Our research in this area has been largely focused on fused cyclic iminium salt systems. Over the past several years, we have developed dihydroisoquinolinium salt systems where different exocyclic chiral moieties containing the controlling asymmetric centre(s) have been attached to the iminium nitrogen atom. 26 Such catalysts are readily derived from the condensation of chiral primary amines with 2-(2-bromoethyl)benzaldehyde as shown in Scheme 1. The bromide salts tend to be oils that are difficult to purify by conventional methods, and we have found that anion exchange with sodium tetraphenylborate yields crystalline salts that are easy to handle and purify.
Our work has resulted in the discovery of some of the most successful iminium salt catalysts to date, both in terms of enantioselectivity and reactivity, including members of the dihydroisoquinolinium-based family such as 1. A series of 1,3-dioxane-based catalysts have also been developed where the dihydroisoquinolinium moieties have been replaced by biphenyl and binaphthalene azepinium-fused moieties. 27 In the case of the latter, under the standard aqueous conditions used (Scheme 2), one particular catalyst 2 with catalyst loadings ranging from as little as 0.1e5 mol %, has produced ees ranging from 88 to 91% for the epoxidation of 1-phenylcyclohexene. Different oxidants have also been used under aqueous conditions; 28 we have also developed non-aqueous conditions using tetraphenylphosphonium monoperoxysulfate (TPPP) 29 as the oxidant, 30 and we have used this set of conditions to access several chromene-based natural products in very high enantioselectivities. 31 We reasoned that incorporation of carbohydrate moieties into our iminium salts might improve both the selectivity and reactivity of the catalysts. We report herein the synthesis and development of several novel carbohydrate-derived dihydroisoquinolinium salt catalyst systems and the assessment of their potential as mediators in the asymmetric epoxidation of simple unfunctionalised alkene substrates under aqueous conditions.
Catalyst design
Our rationale in choosing to develop carbohydrate-derived iminium salts as potential epoxidation catalysts was based on several features: the large number of polar hydroxyl groups, which we considered might help to order the epoxidation transition state complex; the structural diversity available in carbohydrate structures, which would allow tuning and versatility; and the conformational rigidity and well-understood structures, particularly in the case of pyranose monosaccharides. We had also observed good enantioselectivities and excellent reactivity in catalysts such as 1 and 2, where the stereocontrolling elements are contained in a related six-membered dioxane structure. We further postulated that we might be able to alter significantly the enantioselectivities of these catalysts by changing the protecting groups on their hydroxyl functionalities. Initially we identified a number of glycosylamine derivatives 3e8, shown in Fig. 1 , as ideal building blocks for our catalyst synthesis by cyclocondensation with 2-(2-bromoethyl) benzaldehyde.
Results and discussion
We began with the synthesis of perbenzylated glucose-, mannose-and galactose-based catalysts, which were accessed from their respective known glycosylamine precursors 1-amino-2,3,4,6-tetra-O-benzyl-1-deoxy-D-glucopyranose 3a, 1-amino-2,3,4,6-tetra-O-benzyl-1-deoxy-D-mannopyranose 3b and 1-amino-2,3,4,6-tetra-O-benzyl-1-deoxy-D-galactopyranose 3c. The synthesis of amines 3aec started from O-methyl-a-D-glucopyranoside, O-methyl-a-D-mannopyranoside and O-methyl-a-D-galactopyranoside, respectively (Scheme 3, Table 1 ). Benzylation of the four hydroxyl moieties proceeded in excellent yields, in each case using sodium hydride in DMF (87e96% yield). Removal of the anomeric methoxy moiety with acid led to the corresponding tetrabenzyl pyranoses 9aec in fair yields (32e41%) as mixtures of anomers (2:1 to 3:1 ratio a/b). Displacement of the anomeric hydroxyl unit was achieved as a two-step one-pot process by conversion of the free hydroxyl group to the corresponding mesylate, which was then displaced by ammonia giving amines 3aec in moderate yields (52e63%) as mixtures of anomers (1:3 to 1:4 ratio a/b) following a known procedure from Aebisher. 32 The galactose-derived glycosylamines 4e6 and the 5-deoxy derivative 7 were accessed from the corresponding alcohols. Thus, synthesis of amine 4 commenced from D-galactose (Scheme 4). Allyl-a-D-galactoside 11 was prepared using acetyl chloride in allyl alcohol in 26% yield. Our first attempts at the formation of isopropylidene 12 were unsatisfactory as yields lower than 10% were observed. Indeed, literature precedent shows that the preferred product is the 6-O-(1-methoxy-1-methyl)ethyl derivative 13.
33 Addition of triethylamine leads to the formation of triethylammonium tosylate, which acts as a weak acid and allows the selective cleavage of the 6-O-(1-methoxy-1-methyl)ethyl group when the solution is heated under reflux. Using this procedure, galactoside 12 was obtained in 67% yield. Benzylation of the remaining hydroxyl moieties proceeded in 71% yield. Isomerisation of the double bond followed by cleavage of the resulting enol ether gave 2,6-di-O-benzyl-3,4-O-isopropylidene-a-D-galactopyranose 15 in 60% yield as a mixture of anomers (a/b ratio 2:1). Mesylation followed by displacement using ammonia gave amine 4 in 68% yield as a mixture of anomers (a/b ratio 5:7). To achieve the synthesis of amine 5, D-galactose was converted into tetra-acetyl bromide 16 in 94% yield through acetylation of the anomeric hydroxyl group followed by treatment with bromine in the presence of red phosphorus (Scheme 5). Displacement of the bromide in allyl alcohol in the presence of mercuric bromide and mercuric cyanide gave ether 17 in 52% yield. Hydrolysis of the acetate moieties proceeded in 96% yield using methanoate as the base. Formation of the acetal using para-toluenesulfonic acid as the catalyst followed by benzylation of the remaining hydroxyl groups gave compound 20 in 71% yield over the two steps. Wilkinson's catalyst was then used to remove the allyl group. The yield of the reaction was lower than expected as a result of competing formation of the corresponding saturated compound through hydrogenation catalysed by the rhodium complex. Mesylation followed by displacement using ammonia gave amine 5 in 63% yield as a mixture of anomers.
Amines 6 and 5 were prepared using the same initial pathway up to allyl b-D-glycoside 18 (Scheme 6). To obtain amine 6, glycoside 18 was converted to the corresponding isopropylidene derivative 23 using camphorsulfonic acid as the catalyst in 2,2-dimethoxypropane, followed by benzylation of the remaining hydroxyl groups in 47% yield over the two steps. Removal of the isopropylidene protecting group followed by acetal formation gave two products: the expected 'exo'-product 25b as the slower eluting Table 1 Synthesis of amines 3aec
Starting material
Step (a)
Step (b)
Step (c) isomer in 79% yield and the corresponding 'endo'-product 25a in 12% yield. Confirmation of the configuration of epimer 25a was obtained through single crystal X-ray analysis (Fig. 2) . Treatment with mercuric chloride after isomerisation of the double bond led to decomposition of 25b. Cleavage of the enol ether moiety was achieved under mild conditions using Wilkinson's catalyst in 57% yield as a mixture of anomers (a/b ratio 2:1). The corresponding amine 6 was obtained through in situ displacement of the mesylate by ammonia in 63% yield as a mixture of anomers (a/b ratio 3:5). The synthesis of amine 7 began from D-xylose (Scheme 7). Acetylation of D-xylose produced the corresponding tetraacetylated b-xylopyranose 27 in 94% yield. Displacement of the anomeric acetate using thiophenol and boron trifluoride etherate gave thioglycoside 28 in 87% yield. Removal of the remaining acetate using sodium methanoate led to the formation of phenyl 1-thio-b-D-xylopyranoside 29 in 86% yield. Benzylation gave tribenzylated thioglycoside 30 in 67% yield as a mixture of anomers (a/b ratio 1:2). Hydrolysis of the thioglycoside using NBS and aqueous sodium carbonate gave tribenzyl-xylose 31 in a 72% yield as a mixture of anomers (a/b ratio 1:2). Xylose 31 was converted into the corresponding mesylate followed by displacement of the mesylate moiety using ammonia to give the desired amine 7 in 62% yield as a mixture of anomers (a/b ratio 1:2).
Amines 8a and 8b were prepared from 3,4,6-tri-O-benzyl-Dgalactal 32a and 3,4,6-tri-O-benzyl-D-glucal 32b, respectively. Enol ether hydration of 32a and 32b led to the formation of 3,4,6-tri-O- benzyl-2-deoxy-D-galactopyranose 33a and the corresponding glucopyranose 33b, in 83 and 90% yields, respectively. Our attempts to synthesise the 2-deoxy-glycosylamines 8a and 8b by mesylation and ammonolysis of sugars 33a and 33b were unsuccessful as conversions were very low, even after several days. Another possible route involved the formation of azides followed by hydrogenolysis to give the corresponding amines. Conversion of the anomeric hydroxyl groups to the corresponding azides using bromine, sodium azide and triphenylphosphine gave 34a and 34b in 43% and 47% yields, respectively. The order of addition of the reagent is critical: if bromine was added first, azide 34b was obtained in 21% yield, while slow addition of bromine to the mixture led to a moderate improvement (33%). Glycosyl bromide derivative 35 was formed in situ and displacement of the bromide led to the desired azide. However, the bromide derivative is unstable and decomposes readily; hence, our best results were obtained when sodium azide was present in the mixture to displace the bromide as it is produced. Hydrogenation of the azides led to the production of the glycosylamines 8a and 8b in 91% and 93% yields, respectively (Scheme 8, Table 2 ).
With all the desired amine precursors in our hands, the preparation of the catalysts was achieved using 2-(2-bromoethyl)benzaldehyde in ethanol followed by anion exchange using sodium tetraphenylborate, according to our usual procedure (Scheme 9, Table 3 ).
The synthesis of iminium salts derived from amines 8a and 8b was unsuccessful; no iminium signal was observed using 1 H NMR spectroscopic analysis of the reaction mixture, and no crystalline material was recovered from the crude reaction mixture after counter-ion exchange. Single crystal X-ray structure determination of the iminium salt 38, derived from glycosylamine 5, was carried out; the structure is shown in Fig. 3 .
With this series of iminium salts in hand, we next tested their potential as catalysts for asymmetric epoxidation using as test substrates 1-phenylcyclohexene, trans-methylstilbene and triphenylethylene (Table 4) .
Our results suggest that the spatial arrangement of the benzylated hydroxyl substituents on the pyranose ring may has a marked effect on the magnitude of the induced enantioselectivities of the corresponding epoxide products. Thus, in the case of the mannosederived catalyst 36b, with an axial benzyl ether a to the anomeric carbon, there is little or no enantioselectivity observed in the formation of the corresponding epoxides of the test substrates. In sharp contrast, the galactose-derived catalyst 36c, with an equatorial benzyl ether a to the anomeric carbon, proved to be the best performer of the three towards all of our test substrates, both in terms of conversion and magnitude of induced ee for our least reactive substrate triphenylethylene. This catalyst also provided the highest ee achieved for this series of catalysts, of 57% for the epoxidation of trans-methylstilbene. Glucose-derived catalyst 36a, also with an equatorial benzyl ether a to the anomeric carbon, was also shown to be significantly more enantioselective than the mannose-derived analogue 36b, but, interestingly, was found to be inferior in this respect to that of the galactose-derived analogue 36c, with an axial benzyl ether in position C4, which also gave a much higher conversion of 68% in 6 h with the less reactive triphenylethylene substrate.
In order to further investigate the effects of the O-benzyl substitution arrangement on enantioselectivity with respect to our glucose-derived catalyst, the similarly related xylose-derived catalyst 40 was prepared and tested. Generally, this catalyst was found to be an inferior mediator in the asymmetric epoxidation of our test substrates compared to its glucose analogue 36a, giving lower enantioselectivities in the asymmetric epoxidations of 1-phenylcyclohexene and triphenylethylene, but giving the same ee in the epoxidation of trans-methylstilbene.
The galactose-derived catalyst 36c was thus the most effective of our three initial catalysts. We subsequently altered the hydroxyl protecting groups with a view to improving the catalyst properties further; this was achieved by using benzylidene and isopropylidene protecting groups, so altering the protection on two of the hydroxyl positions, C-6 and C-4 or C-4 and C-3: 37 has an isopropylidene group between the hydroxyl groups of C3 and C4, 39 a benzylidene between C3 and C4, and 38 a benzylidene between C4 and C6. This resulted in the preparation of catalysts 37, 38 and 39 derived from glycosylamines 4, 5, and 6, respectively. Of the three, catalysts 37 and 39, derived from the glycosylamines 4 and 6, respectively, were found to induce a rather poor level of asymmetry. Compound 38, accessed from glycosylamine 5, induced similar enantioselectivity to catalyst 36c for the epoxidation of triphenylethylene (57% ee) and the epoxidation of trans-methylstilbene (43% ee), but 1-phenylcyclohexene oxide was obtained in a 14% ee (compared to 26% ee for catalyst 36c).
The absence of a hydroxyl group at C-5 on the pyranose ring of carbohydrate-based dihydroisoquinolinium salt catalysts results in Step (a)
Step ( lower or comparable ees to those with a hydroxyl group based at C-5 (compare catalysts 36a and 40, derived from glycosylamines 3a and 7).
Where a catalyst based on the galactose configuration has its O-3 and O-4 hydroxyl oxygens protected with a cyclic acetal group (catalysts 37 and 39, derived from glycosylamines 4 and 6), there is a significant reduction in the induced enantioselectivity compared with those galactose configurations where O-3 and O-4 oxygens are not protected with such groups (catalysts 36c and 38, derived from glycosylamines 3c and 5). It therefore appears that for maximum enantioselectivity, the O-3 oxygen should not be part of a cyclic acetal, perhaps for conformational reasons.
It is also evident that a C-2 O-benzyl substituent in a catalyst having the D-mannose configuration (catalyst 36b derived from glycosylamine 3b) has a profound detrimental effect on the observed induced enantioselectivity.
Conclusions
Overall, with this family of catalysts, triphenylethylene was, unusually for iminium salt catalysts, the best substrate with regards Fig. 3 . X-ray crystal structure of the iminium cation 38 derived from glycosylamine precursor 5. 1 H NMR spectroscopy in the presence of (þ)-Eh(hfc) 3 . The chiral shift reagent was added until full baseline resolution was observed for the integrated signals.
d Absolute configuration of the major enantiomers was determined by comparison of optical rotation with those reported in the literature.
to induced enantioselectivity in the epoxide product, but the poorest in terms of conversion of substrate to product, giving at best only 68% conversion with catalyst 36c. Catalysts 36c and 38, derived from galactose, induced the highest ees with the test substrates used in this study. Again unusually for iminium salt catalysed epoxidation, 1-phenylcyclohexene proved to be the poorest substrate in terms of induced enantioselectivity, providing at best just 26% ee with our most effective catalyst.
Experimental section

General experimental methods
Light petroleum (bp 40e60 C), was distilled from calcium chloride prior to use. Ethyl acetate was distilled over calcium sulfate or chloride. Dichloromethane was distilled over phosphorus pentoxide or calcium hydride. Tetrahydrofuran was distilled under a nitrogen atmosphere from sodium/benzophenone ketyl radical. Triethylamine was stored over sodium hydroxide pellets. Commercially available reagents were used as supplied, without further purification, unless otherwise stated. Air-and moisture-sensitive reactions were carried out using glassware that had been dried overnight in an oven at 240 C. This was allowed to cool in a desiccator over self-indicating silica gel pellets, under a nitrogen atmosphere. The reactions were carried out under a slight positive pressure of nitrogen. Flash chromatography was carried out using Merck 9385 Kieselgel 60-45 (230e400 mesh). Thin layer chromatography (TLC) was carried out on aluminium plates coated with a silica gel layer 0.25 mm thickness. Compounds were visualised by UV irradiation at a wavelength of 254 nm, or stained by exposure to an ethanolic solution of phosphomolybdic acid (acidified with concentrated sulfuric acid), followed by charring where appropriate. Optical rotation measurements were measured with an Optical Activity-polaAAar 2001 instrument, operating at 589 nm, at the temperature indicated and are reported in units of 10 À1 deg cm 2 g
À1
. Melting points were carried out on an Electrothermal-IA 9100 apparatus and are uncorrected. Infra-red absorption spectra were recorded on a PerkineElmer FT-IR spectrometer Paragon 2001 instrument in the range of 4000e600 cm À1 . Electrospray mass spectrometry was carried out by the EPSRC national Service.
1 H NMR spectra were recorded on Bruker AC250 and DPX 400 instruments operating at 250.13 and 400.13 MHz, respectively. 13 C NMR spectra were recorded on Bruker DPX 400 instrument operating at 100.62 MHz. Enantiomeric excesses were determined by 1 H NMR spectroscopy in the presence of tris((þ)-3-
, as the chiral shift reagent.
General procedure A: O-benzylation
The starting material (1 equiv) was dissolved in dry DMF (15 mL per 1 g of sugar) under inert atmosphere and the mixture was cooled to 0 C. Sodium hydride (1.5 equiv per OH group) was added and the mixture stirred for 30 min. Benzyl bromide (1.5 equiv per OH group) was added dropwise over 30 min. The reaction mixture was then allowed to reach room temperature and stirred until completion (ca. 3 h). Methanol was then added (1.0 mL per 1 g of sodium hydride added) and the resulting solution was allowed to stir for a further 10 min. The solvents were removed under reduced pressure and the residue was diluted with water and ethyl acetate. The organic phase was separated, washed with water and brine, dried with magnesium sulfate. The solvents were then removed under reduced pressure and the residue purified using silica gel column chromatography.
General procedure B: removal of the anomeric methoxy group
O-Methyl-2,3,4,6-tetra-O-benzyl-pyranoside was dissolved in 80% glacial acetic acid/2 M HCl (10:4; 45 mL per gram of pyranoside) and the reaction mixture was heated under reflux for 11 h. Upon completion, the resulting mixture was allowed to reach room temperature. Dichloromethane (25 mL per gram of pyranoside) was added and the solution was washed using saturated sodium hydrogenocarbonate (2Â25 mL per gram of pyranoside). The aqueous layer was extracted using dichloromethane (25 mL per gram of pyranoside). The organic layers were combined, dried using magnesium sulfate and the solvents were removed under reduced pressure. The residue was purified using silica gel column chromatography.
General procedure C: conversion of the anomeric hydroxyl group to a primary amine
The poly-O-protected pyranose (1 equiv) was dissolved in dry dichloromethane (5 mL per 1 g of alcohol), triethylamine (2 equiv) was added dropwise under an atmosphere of nitrogen. The resulting solution was then cooled to À20 C and methanesulfonyl chloride was added (1.8 equiv). After complete mesylation was observed by TLC (ca. 3 h) the reaction mixture was cooled to À78 C and ammonia gas was condensed into the reaction vessel. The reaction was allowed to reach ambient temperature overnight, after which time the reaction vessel was pressurised with ammonia gas and allowed to stir until complete conversion of mesylate to amine was observed by TLC (ca. 4e5 days). Dichloromethane was removed under reduced pressure and the residue purified by column chromatography.
General procedure D: synthesis of dihydroisoquinolinium salts
A solution of the aminoglygoside in ethanol (10 mL per gram of amine, 1 equiv) was added dropwise via a syringe to 2-(2-bromoethyl)benzaldehyde (1.1 equiv) in a stoppered ice cooled round bottomed flask. After the addition was complete, the reaction mixture was stirred overnight while attaining ambient temperature. Sodium tetraphenylborate (1.1 equiv) in a minimum amount of acetonitrile was added in one portion. After 5 min of stirring, the solvents were removed under reduced pressure and the resulting residue was treated with dichloromethane until the crude product had fully dissolved. After filtration, the dichloromethane was removed from the filtrate under reduced pressure and the resulting gummy residue was washed with ethanol followed by diethyl ether until a solid was obtained.
O-Methyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranoside 9a 34
Prepared using general procedure A using O-methyl-a-D-glucopyranoside (2.00 g, 10.3 mmol, 1 equiv), sodium hydride (1.48 g, 61.8 mmol, 6 equiv) and benzyl bromide (7.35 mL, 61.8 mmol, 6 equiv). Silica gel column chromatography (eluent: ethyl acetate/light petroleum 1:9) gave the desired product as a yellow oil (5.3 g, 93%).
[ Prepared using general procedure A using O-methyl-a-D-mannopyranoside (3.00 g, 15.5 mmol, 1 equiv), sodium hydride (2.23 g, 93.0 mmol, 6 equiv) and benzyl bromide (11.06 mL, 93.0 mmol, 6 equiv). Silica gel column chromatography (eluent: ethyl acetate/ light petroleum 1:9) gave the desired product as a colourless oil (7.5 g, 87%).
[ 
O-Methyl 2,3,4,6-tetra-O-benzyl-a-D-galactopyranoside 9c 35
Prepared using general procedure A using O-methyl-a-D-galactopyranoside (3.00 g, 15.5 mmol, 1 equiv), sodium hydride (2.23 g, 93.0 mmol, 6 equiv) and benzyl bromide (11.06 mL, 93.0 mmol, 6 equiv). Silica gel column chromatography (eluent: ethyl acetate/light petroleum 1:9) gave the desired product as a colourless oil (8.2 g, 96%).
[a] D 23 À3. 41 Acetyl chloride (15.0 mL, 210 mmol, 2.5 equiv) was added dropwise to allyl alcohol (190 mL) at 0 C. Anhydrous a-D-galactose (15.0 g, 83 mmol, 1 equiv) was then introduced. The resulting mixture was heated for 4 h at 70 C and then at 40 C for 16 h. The reaction mixture was allowed to reach room temperature and was then carefully neutralised using solid sodium carbonate. The mixture was then filtered on a pad of Celite. The solvents were removed under reduced pressure and the residue was placed on a short silica gel column chromatography (eluent: CH 2 Cl 2 /MeOH 9:1). The resulting solid was then recrystallised from ethanol to afford the desired product as colourless crystals (4.8 g, 26% Allyl-a-D-galactopyranoside 11 (5.00 g, 22.73 mmol, 1 equiv) and dry camphorsulfonic acid (0.26 g, 1.14, 5 mol %) were dissolved in 2,2-dimethoxypropane under nitrogen atmosphere. The mixture was stirred for 48 h at room temperature. Triethylamine was then added and the mixture was stirred for a further 15 min. The solvents were removed under reduced pressure. The residue was then dissolved in methanol/water (10:1) and the resulting solution was heated under reflux for 7 h. The solvents were then removed under reduced pressure and the residue was purified using silica gel column chromatography (light petroleum/ethyl acetate 2:3) to give the desired product (3.93 g, 67%) as a colourless solid.
Mp Prepared using general procedure A using allyl-3,4-O-isopropylidene-a-D-galactopyranoside 12 (3.43 g, 13.2 mmol, 1 equiv), sodium hydride (0.95 g, 39.6 mmol, 3 equiv) and benzyl bromide (4.7 mL, 39.6 mmol, 3 equiv). Silica gel column chromatography (eluent: ethyl acetate/light petroleum 1.5:8.5) gave the desired product as a colourless oil (5.38 g, 95%) .
[ Allyl-2,6-di-O-benzyl-3,4-isopropylidene-a-D-galactopyranoside 14 (3.9 g, 9.1 mmol, 1 equiv) was dissolved in anhydrous dimethyl sulfoxide (50 mL) under a nitrogen atmosphere. Potassium tert-butoxide (2.03 g, 18.2 mmol, 2 equiv) was added under a blanket of nitrogen. The resulting solution was heated at 100 C for 1 h under a nitrogen atmosphere. After this time the reaction mixture was allowed to reach room temperature. Water (100 mL) was added and the resulting mixture was extracted with diethyl ether (3Â30 mL). The organic extracts were combined, dried and the solvent removed under reduced pressure. The crude enol ether residue was taken up in a solution of mercuric oxide (7.86 g, 36.4 mmol) in 9:1 acetone/water (60 mL). A solution of mercuric chloride (9.83 g, 36.4 mmol) in 9:1 acetone/water (30 mL) was added and the mixture was left to stir. After 30 min, when the reaction had reached completion according to TLC, the solvents were removed under reduced pressure. The residue was taken up in dichloromethane (30 mL) and the resulting solution was washed with a saturated solution of aqueous potassium bromide followed by water, dried (Na 2 SO 4 ), filtered and concentrated under reduced pressure. The residue was purified by column chromatography (light petroleum/ethyl acetate 7:3) to afford 15 (2.29 g, 63%) as a colourless solid and a mixture of anomers (a/b 2:1 by 1 H NMR).
[ Perchloric acid (1.3 mL, 60%) was added dropwise with stirring to ice-cold acetic anhydride (200 mL). The resulting solution was allowed to reach room temperature. After this period, anhydrous a-D-galactose 57 (50 g, 278 mmol, 1 equiv) was added to the stirred mixture at such a rate so that the temperature was maintained between 30 and 45 C. After cooling to 20 C, red phosphorus (15 g, 484 mmol, 1.7 equiv) was introduced followed by bromine (30 mL, 586 mmol, 2.1 equiv) at such a rate so that the temperature was maintained below 30 C. Water (18 mL) was next added over 30 min while the temperature was maintained below 25 C throughout the addition. After the addition was complete, the mixture was allowed to stir for 2 h. After this time dichloromethane (125 mL) was added. The resulting mixture was filtered through Celite and the filtrate was poured onto ice-cold water (70 mL) and extracted with dichloromethane (3Â50 mL). The combined organic extracts were washed with aqueous sodium carbonate, dried (MgSO 4 ), filtered, and concentrated under reduced pressure. The crude product was recrystallised from diethyl ether/hexane to afford 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide 16 (107 g, 94%) as a colourless solid.
Mp 
Allyl 2,3,4,6-tetra-O-acetyl-b-D-galactopyranoside 17 45
A suspension of 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide 16 (41.12 g, 100 mmol), Drierite (100 g), mercuric cyanide (13.04 g, 52 mmol) and mercuric bromide (1.44 g, 4 mmol) in dry allyl alcohol (250 mL) was stirred for 7 h at ambient temperature after which time the mixture was concentrated under reduced pressure, diluted with chloroform (400 mL) and filtered. The filtrate was washed successively with 10% aqueous potassium bromide (3Â150 mL) and water (2Â150 mL), dried (MgSO 4 ) and concentrated in vacuo. The syrupy residue was purified by column chromatography (light petroleum/ethyl acetate, 8:2) to afford 17 (20.2 g, 52%) as a colourless oil.
Allyl b-D-galactoside 18 46
A 3 M solution of sodium methoxide was prepared by dissolving sodium methoxide (16.2 g, 300 mmol) in dried freshly distilled methanol (100 mL). Allyl 2,3,4,6-tetra-O-acetyl-b-D-galactopyranoside 17 (20.0 g, 52 mmol) was dissolved in dry methanol (200 mL) followed by the addition of 20 mL of 3 M sodium methoxide solution. The reaction mixture was stirred at room temperature under nitrogen until the reaction had reached completion by TLC (ca. 1 h). After this period Amberlite IR 120 H þ cation exchange resin was added until neutralisation was effected. The resin was then removed by filtration and the filtrate concentrated under reduced pressure. The resulting residue was purified by triturating and washing with dichloromethane to give the desired compound 18 (11.3 g, 92% 93 mmol, 5 mol %) was then added and the resulting mixture was heated at 80 C for 17 h. After cooling to room temperature, the solution was concentrated under reduced pressure and the resulting residue dissolved in dichloromethane (50 mL), dried (Na 2 SO 4 ), filtered and concentrated under reduced pressure to afford the crude enol ether. The crude enol ether was dissolved in tetrahydrofuran (23 mL). Water (7 mL), pyridine (0.79 mL) and iodine (30.5 g, 120 mmol, 6.5 equiv) were added. The resulting solution was stirred for 10 min at ambient temperature after which time it was cooled to 0 C and treated with 10% aqueous sodium thiosulfite (50 mL). After 15 min at 0 C, the solution was extracted with ethyl acetate (3Â50 mL) and the combined organic extracts were washed successively with 10% aqueous sodium thiosulfite (2Â50 mL) and water (50 mL), dried (Na 2 SO 4 ), filtered and concentrated under reduced pressure. The residue was then purified using silica gel column chromatography (eluent: light petroleum/ ethyl acetate 3:2) to give the desired compound 21 (2.45 g, 27%) as a solid and a mixture of anomers (a/b 2:1 by 1 H NMR). [ 
Allyl 3,4-O-isopropylidene-b-D-galactopyranoside 22 48
Allyl b-D-galactopyranoside 18 (2.17 g, 9.85 mmol, 1 equiv) and para-toluenesulfonic acid (187 mg, 0.99 mmol, 10 mol %) were dissolved in N,N-dimethylformamide (20 mL) and 2,2-dimethoxypropane (40 mL). The resulting solution was then stirred at 40 C for 5 h or until TLC indicated total consumption of the starting material. After the solution was cooled to room temperature, triethylamine (1.37 mL, 9.85 mmol, 1 equiv) was added and the mixture stirred for 15 min. The mixture was then concentrated to dryness. Toluene (60 mL) was then co-evaporated twice from the residue in order to remove traces of triethylamine. The residue was then dissolved in 10:1 methanol/water (80 mL) and heated under reflux for 30 min until TLC indicated the disappearance of the intermediate product allyl 6-O-(2-methoxy-2-propyl)-3,4-O-isopropylidene-b-D-galactopyranoside. 49 Prepared using general procedure A using allyl 3,4-O-isopropylidene-b-D-galactopyranoside 22 (1.0 g, 3.85 mmol, 1 equiv), sodium hydride (0.28 g, 11.55 mmol, 3 equiv) and benzyl bromide (1.37 mL, 11.55 mmol, 3 equiv). Silica gel column chromatography (eluent: ethyl acetate/light petroleum 1:9) gave the desired product 23 as a colourless oil (1.2 g, 71%) .
[ 3 g, 9 .78 mmol) was treated with 1:7 1 M aqueous hydrochloric acid/methanol (80 mL) and the reaction mixture was allowed to stir until it had reached completion by TLC (ca. 32 h). The resulting solution was quenched with 2 M aqueous sodium hydrogen carbonate (5.5 mL) and the methanol removed under reduced pressure. The resulting aqueous suspension was extracted with dichloromethane (3Â40 mL) and the combined organic extracts dried (MgSO 4 ) and filtered. The solvents were removed under reduced pressure to give the desired product 24 (3.16 g, 81%) as a colourless solid.
[ Wilkinson's catalyst (90 mg, 0.098 mmol, 5 mol %) was then added. The solution was heated for 21 h at 80 C after which time it was allowed to cool to room temperature. The solvents were removed under reduced pressure and the resulting residue dissolved in dichloromethane (5 mL), dried (Na 2 SO 4 ), filtered and concentrated under reduced pressure to afford the crude enol ether. The crude enol ether was dissolved in tetrahydrofuran (30 mL), water (8 mL) and pyridine (0.8 mL) and iodine (2.23 g, 12.7 mmol, 6.2 equiv) was added. The solution was stirred for 10 min at ambient temperature. After this period, the reaction mixture was cooled to 0 C and treated with 10% aqueous sodium thiosulfite (5 mL). After 15 min at 0 C the solution was extracted with ethyl acetate (3Â35 mL). The combined aqueous extracts were washed with 10% aqueous sodium thiosulfite (2Â5 mL) and water (5 mL), dried (Na 2 SO 4 ), filtered and concentrated under reduced pressure. The residue was purified using silica gel column chromatography (eluent: ethyl acetate/light petroleum 2:3) to give the desired product 26 (587 mg, 64%) as a colourless solid and a mixture of anomers (a/b 2:1 by 1 H NMR). (0.28 g, 2. 3 mmol, 5 mol %) were dissolved in pyridine (350 mL). Acetic anhydride (35.3 mL, 374.0 mmol, 8 equiv) was added. The reaction mixture was allowed to stir overnight. Then, water (250 mL) was added, and the resulting mixture was left to stir for a further hour, after which time it was extracted with dichloromethane (3Â20 mL). The combined extracts were concentrated under reduced pressure, washed with aqueous saturated sodium hydrogen carbonate, dried (MgSO 4 ) and filtered. The filtrate was concentrated under reduced pressure and purified using silica gel column chromatography (eluent: light petroleum/ethyl acetate 3:2) to afford 27 (13.9 g, 94%) as a colourless oil.
[ 51 1,2,3,4-Tetra-O-acetyl-a-D-xylopyranose 27 (8.5 g, 26.7 mmol, 1 equiv) was dissolved in anhydrous dichloromethane (50 mL) under a nitrogen atmosphere. Thiophenol (4.11 mL, 41 mmol, 1.5 equiv) was then added dropwise. The resulting solution was cooled to 0 C and ethereal boron trifluoride (8.5 mL, 66.8 mmol, 2.5 equiv) was added dropwise over 50 min. The reaction mixture was allowed to warm to room temperature and left to stir for 24 h after which time it was treated with aqueous saturated aqueous sodium hydrogen carbonate (210 mL) and extracted with dichloromethane (3Â50 mL). The combined extracts were washed with water (60 mL) and dried (MgSO 4 ). After filtration, the filtrate was concentrated in vacuo and purified using silica gel column chromatography (eluent: light petroleum/ ethyl acetate 7:3) to afford the desired product 28 (8.6 g, 87%) as a colourless oil.
[a] D 24 À51. C-1b) 54 3,4,6-Tri-O-benzyl-D-glucal 32b (1.5 g, 3.61 mmol) was dissolved in 90:10:1 tetrahydrofuran/water/8 M hydrochloric acid (30 mL) and allowed to stir at room temperature until all the starting material had been consumed. The reaction mixture was neutralised with sodium hydroxide pellets, and the tetrahydrofuran removed under reduced pressure. The resulting aqueous slurry was extracted with dichloromethane (3Â50 mL) and the combined organic extracts were dried (MgSO 4 ) and filtered. Evaporation of dichloromethane from the filtrate yielded the desired product 33b (1.41 g, 90%) as a colourless solid and a mixture of anomers (a/b 4:1 by 1 H NMR). 3,4,6-Tri-O-benzyl-2-deoxy-D-arabino-hexopyranose 33a (4.6 g, 10.6 mmol, 1 equiv) and triphenylphosphine (5.6 g, 21.2 mmol, 2 equiv) were dissolved in N,N-dimethylformamide (90 mL). This was followed by the addition of sodium azide (3.5 g, 53.0 mmol, 5 equiv). The stirred mixture was then placed under a nitrogen atmosphere and cooled to 0 C. Bromine (1.1 mL, 21.2 mmol, 2 equiv) was then added dropwise over 30 min. After this period the reaction was allowed to attain ambient overnight, after which time triethylamine (5.9 mL, 42.4 mmol, 4 equiv) was added and the mixture allowed to stir for a further 30 min. The mixture was then diluted with saturated brine (120 mL) and extracted with diethyl ether (6Â50 mL). The combined organic extracts were dried (MgSO 4 ) and filtered. The diethyl ether was removed in vacuo and the residue purified by column chromatography (eluent gradient: light petroleum/ethyl acetate 94:6 to 9:1) to give the desired compound 34a (2.1 g, 43%) as a colourless solid and a mixture of anomers (a/bz1:4 by 1 H NMR). 3,4,6-Tri-O-benzyl-2-deoxy-D-lyxo-hexopyranose 33b (5.0 g, 11.1 mmol, 1 equiv) and triphenylphosphine (5.8 g, 22.2 mmol, 2 equiv) were dissolved in N,N-dimethylformamide (90 mL). This was followed by the addition of sodium azide (3.6 g, 55.5 mmol, 5 equiv). The stirred mixture was then placed under a nitrogen atmosphere and cooled to 0 C. Bromine (1.15 mL, 22.2 mmol, 2 equiv) was then added dropwise over 30 min. After this period the reaction mixture was allowed to attain ambient overnight, after which time triethylamine (6.2 mL, 44.4 mmol, 4 equiv) was added and the mixture allowed to stir for a further 30 min. The mixture was then diluted with saturated brine (120 mL) and extracted with diethyl ether (6Â50 mL). The combined organic extracts were dried (MgSO 4 ) and filtered. The diethyl ether was removed in vacuo and the residue purified by column chromatography (light petroleum/ ethyl acetate 94:6e9:1) to first elute a-34b (371 mg, 7%) as a colourless oil followed by b-34b (2.49 g, 47% yield) also as a colourless oil. 3,4,6-Tri-O-benzyl-2-deoxy-b-D-arabino-hexopyranosyl azide 34a (1.5 g, 3.27 mmol) was dissolved in methanol (270 mL). Palladium on carbon (10%, 107 mg) was added and the mixture was hydrogenated at atmospheric pressure and room temperature. After 1.5 h the mixture was filtered through Celite to remove the catalyst and the methanol evaporated under reduced pressure to furnish the desired compound 8a (1.29 g, 91% yield) as a colourless solid.
Mp 97. 5 g, 3 .27 mmol) in methanol (270 mL) containing 10% palladium on carbon (107 mg) was hydrogenated at atmospheric pressure and room temperature. After 1.5 h the mixture was filtered through Celite to remove the catalyst and the methanol evaporated under reduced pressure to furnish the amine 8b (1.32 g, 93% yield) as a colourless oil and a mixture of anomers (a/bw1:3).
2-(2-Bromoethyl)benzaldehyde 55
Bromine was slowly added over 5 min to an ice cooled solution of isochroman (5 g, 37 mmol) in carbon tetrachloride (20 mL), with stirring at room temperature. After the vigorous reaction had subsided, the cooling bath was removed and the dark brown solution was heated to reflux until the reaction mixture became pale yellow, and liberation of hydrogen bromide gas had ceased. The solution was allowed to reach ambient temperature and the solvent removed in vacuo. Aqueous hydrobromic acid (48%, 7.5 mL) was added to the yellow oily 1-bromoisochroman obtained, and the reaction mixture again heated to reflux. After 10e15 min, the solution was allowed to cool, and extracted with diethyl ether. The organic extracts were washed with water and with dilute sodium hydrogen carbonate, and dried (MgSO 4 ). Evaporation of the solvent under reduced pressure furnished the crude product. Vacuum distillation (ca. 100 C, 0.5 mbar) yielded the pure product (5.6 g, 72%) as a yellow oil. To an ice cooled solution of sodium carbonate (4 equiv) in water (12 mL per 1.5 g of sodium carbonate), Oxone (2 equiv) was added with stirring and the resulting foaming solution was allowed to stir for 5e10 min, so that most of the initial effervescence subsided. The alkene substrate (1 equiv, 100 mol %) was then added as a solution in acetonitrile (6 mL per 1.5 g of sodium carbonate used), followed by the iminium salt (10 mol % with respect to the substrate), also as a solution in acetonitrile of the same volume as the solution of the sodium carbonate. The suspension was stirred at the same temperature for 10 min after which time another equivalent of Oxone was added in four portions over 30 min. The reaction mixture was then left to stir at 0 C until the substrate was completely consumed by TLC. Work-up and purification were then performed as in the general method.
(b) Using triphenylethylene as the substrate
To an ice cooled solution of sodium carbonate (4 equiv), in water (12 mL per 1.5 g of sodium carbonate), Oxone (2 equiv) was added with stirring and the resulting foaming solution was allowed to stir for 5e10 min so that most of the initial effervescence subsided. The alkene substrate (1 equiv, 100 mol %) was then added as a solution in acetonitrile (6 mL per 1.5 g of sodium carbonate used) followed by the iminium salt (10 mol % with respect to the substrate), also as a solution in acetonitrile of the same volume as the solution of the sodium carbonate. The suspension was then stirred at the same temperature for 10 min after which time another 2.5 equiv of Oxone was added in four portions over 30 min. The reaction mixture was then allowed to stir at 0 C until the substrate was completely consumed by TLC. Work-up and purification was then performed as in the general method.
(c) Using 1-phenylcyclohexene as the substrate
To an ice cooled solution of sodium carbonate (4 equiv) in water (12 mL per 1.5 g of sodium carbonate), Oxone (2 equiv) was added with stirring and the resulting foaming solution was left to stir for 5e10 min, so that most of the initial effervescence subsided. The alkene substrate (1 equiv, 100 mol %) was then added as a solution in acetonitrile (6 mL per 1.5 g of sodium carbonate used), followed by the iminium salt (10 mol % with respect to the substrate), also as a solution in acetonitrile of the same volume as the solution of the sodium carbonate. The suspension was then stirred at the same temperature until the reaction reached completion by TLC. Workup and purification were then performed as in the general method. 
]. Other details as for 25a. The absolute structures could not be determined reliably from the diffraction data and were set from unchanging chiral centres in the starting materials. Compound 38 contains a diffuse acetone molecule of crystallisation. Crystallographic data (excluding structure factors) for the structures in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC 989500 and 989501. Copies of the data can be obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: þ44 (0)1223 336033 or e-mail: deposit@ccdc.cam.ac.uk).
